Suspension c u l t u r e s of Berberis s p e c i e s are u s e f u l sources f o r the d e t e c t i o n and i s o l a tion of a new enzyme which t r a n s f e r s the methyl group from S -a d e n o s y l -L -m e t h i o n i n e s p e c i f i c a l l y to the 9 -p o s i t i o n of the ( S ) -e n a n t i o m e r of s c o u l e r i n e , p r o d u c i n g ( S ) -t e t r ahydrocolumbamine. The enzyme was e n r i c h e d 2 7 -f o l d ; i t i s not p a r t i c l e bound, has a pH optimum of 8 . 9 , a m o l e c u l a r w e i g h t of 63 000 and shows a h i g h degree of s u b s t r a t e s p e c i fi c i t y . 
INTRODUCTION P r e v i o u s s t u d i e s have d e m o n s t r a t e d t h a t ( S ) -r e t i c u l i n e
and ( S ) -s c o u l e r i n e , when a d m i n i s tered to shoots of p l a n t s c o n t a i n i n g i s oq u i n o l i n e a l k a l o i d s , are r e a d i l y c o n v e r t e d to p r o t o b e r b e r i n e s (see C o r d e l l , 1981). Subsequent e x p e r i m e n t s w i t h c e l l -f r e e extracts of Macleaya microcarpa callus have shown the presence of an enzyme which catalyses the formation of scoulerine from reticuline, which was named berberine bridge enzyme (Rink and Bbhm, 1975) . T h i s enzyme was p u r i fied to h o m o g e n e i t y , c h a r a c t e r i z e d ( S t e f f e n s et a l . , 1984) , and shown to c a t a l y s e the c o n v e r s i o n of ( S ) -r e t i c u l i n e to (S)-scoulerine in the presence of oxygen. In the course of the b i o s y n t h e s i s of b e r b e r i n e -t y p e a l k a l o i d s , ( S ) -s c o u l e r i n e is expected to undergo va~ous m e t h y l a t i o n steps as w e l l as the o x i d a t i o n of r i n g C.
We r e p o r t here on a new enzyme and some of i t s c h a r a c t e r i s t i c s which c a t a l y s e s the s t e r e o -and r e g i o s p e c i f i c O -m e t h y l a t i o n at the 9 -p o s i t i o n of ( S ) -s c o u l e r i n e u s i n g SAM ( F i g . I ) . This enzyme t r a n s f o r m s ( S ) -s c o u l e r i n e to ( S ) -t e t r a h y d r o c o l u m b a m i n e , w h i c h , in t u r n , s e r v e s as the p r e c u r s o r of most p r o t o b e r b e r i n e a l k a l o i d s , i n c l u d i n g columbamine, p a l m a t i n e , b e r b e r i n e , j a t r o r r h i z i n e , e t c . This m e t h y l t r a n s f e r a s e H 3 C O~ H 3 C O~
erine (S) -T¢lrohydroco|umbamine
F i g . I R e a c t i o n sequence c a t a l y s e d by ( S ) -s c o u l e r i n e 9-O-methyl t r a n s f e r a s e
MATERIALS and METHODS
Suspension c u l t u r e s p r o v i d e d by our c e l l c u l t u r e l a b o r a t o r y were used, e s p e c i a l l y those of Berberis wilsoniae v a r . subcaulialata S c h n e i d . , and grown as p r e v i o u s l y r e p o r t e d (Hinz and Zenk, 1981) . C e l l s were h a r v e s t e d a f t e r r e a c h i n g the s t a t i o n a r y phase, f r o z e n in l i q u i d n i t r o g e n and s t o r e d ~t -20°C. Potassium phosphate b u f f e r ( 0 . i M, pH 7 . 5 , 200 ml) c o n t a i n i n g ~-m e r c a p t o e t h a n o l (20 mM) was added to 100 g fresh weight of frozen cells and the m i x t u r e was s t i r r e d , u n t i l a homogeneous mass was o b t a i n e d . T h i s was pressed t h r o u g h c h e e s e c l o t h , and the r e s u l t i n g l i q u i d was c e n t r i f u g e d f o r I0 min at 13 500 x g. S o l i d (NH4)2S04 was added to the s u p e r n a t a n t u n t i l 70% s a t u r a t i o n was reached. The p r e c i p i t a t e was c e n t r i f u g e d down as above and taken up in 10 ml of the o r i g i n a l phosphate b u f f e r and c e n t r i f u g e d again (30 O00xg, 10 m i n ) . T h e s u p e r n a t a n t of t h i s step was a p p l i e d to a AcA 44 gel f i l t r a t i o n column ( 2 . 3 x 87 cm) and the p r o t e i n f r a c t i o n a t e d w i t h the same b u f f e r ( e l u t i o n speed 0.3 ml m i n -1 ; f r a c t i o n v o l . 4.5 m l ) . The f r a c t i o n s c o n t a i n i n g the enzyme ( t y p i c a l l y f r a c t i o n s 3 0 -6 0 ) , were pooled and a p p l i e d to a DEAE-Sephacel column ( 2 . 3 x 6 cm) at a speed of 0.6 cm m i n -l . The column was washed w i t h phosphate b u f f e r and the e l u e n t was c o l l e c t e d in 9-ml f r a c t i o n s . The m e t h y l t r a n s f e r a s e was found in the i n i t i a l f r a c t i o n s . This f l u i d was c o n c e n t r a ted by u l t r a f i l t r a t i o n (Amicon membrane YM I 0 ) to a f i n a l volume of 6 ml. The enzyme was d i v i d e d i n t o t h r e e equal p o r t i o n s and then s u b j e c t e d to h i g h p r e s s u r e l i q u i d chromatography (LKB system, G 300 SW column, 2.15 x 60 cm, p o t a s s i u m phosphate 25 mM b u f f e r (pH 7 . 0 ) c o n t a i n i n g 25 mM NaCI, 3.0 ml m i n -l ) . 3-ml f r a c t i o n s were c o l l e c t e d and examined f o r p r o t e i n a b s o r p t i o n at 280 nm, then fractions c o n t a i n i n g p r o t e i n were assayed f o r enzyme a c t i v i t y , f r a c t i o n s c o n t a i n i n g the enzyme were pooled and c o n c e n t r a t e d as above.
S t a n d a r d Enzyme Assay
The r e a c t i o n m i x t u r e ( The sample was shaken mechanic a l l y f o r 15 min. The s u s p e n s i o n was centrifuged, and then a 200-pl a l i q u o t of the o r g a n i c l a y e r removed f o r l i q u i d s c i n t i l l a t i o n c o u n ti n g . C o n t r o l s were run w i t h h e a t -d e n a t u r e d p r o t e i n .
The k i n e t i c c o n s t a n t s f o r the enzyme were d e t e r m i n e d u s i n g the s t a n d a r d assay but in keeping the c o n c e n t r a t i o n of one of the r e a c t a n t s under i n v e s t i g a t i o n f i x e d at 5 mM. The enzyme (ca. I0 ~g) used u s u a l l y had a s p e c i f i c a c t i v i t y of 260 pkat/mg. The molecular w e i g h t of the enzyme was determined by s t a n dard HPLC and gel f i l t r a t i o n methods; v a l u e s o b t a i n e d by both t e c h n i q u e s agreed w i t h i n 3%. P r o t e i n d e t e r m i n a t i o n s were were s y n t h e t i z e d a c c o r d i n g to s t a n d a r d p r o c e d u r e s ( B a t t e r s b y e t a l . , 1966). A l l o t h e r a l k a l o i d s used were s y n t h e t i z e d by known p r o c e d u r e s or were i s o l a t e d from p l a n t m a t e r i a l .
For the c h a r a c t e r i z a t i o n o f r e a c t i o n products l O -t o 2 0 -f o l d l a r g e r i n c u b a t i o n m i x t u r e s in the ~t a n d a r d p r o p o r t i o n s c o n t a i n i n g ~C-SAM were used. The l a b e l l e d a l k a l o i d was e x t r a c t e d i n t o e t h y l a c e t a t e and s u b j e c t e d to TLC u s i n g the s o l v e n t system e t h y l acetate: 2 -b u t a n o n e 
RESULTS
The new enzyme was assayed f o r i t s c a t a l y t i c a c t i v i t y by m o n i t o r i n g the t r a n s f e r of the t r i t i u m l a b e l l e d methyl group of SAM to ( S ) -s c o u l e r i n e . E x t r a c t i o n of the l a b e l l e d a l k al o i d i n t o isoamyl a l c o h o l l e f t u n r e a c t e d r a d i o a c t i v e SAM i n the aqueous phase. Radioa c t i v i t y found in the o r g a n i c phase was taken as e v i d e n c e f o r methyl group t r a n s f e r . Using t h i s assay system the presence of O -m e t h y lt r a n s f e r a s e ( s ) in crude enzyme e x t r a c t s o f p l a n t c e l l c u l t u r e s of d i f f e r e n t t a x o n o m i c o r i g i n was i n v e s t i g a t e d .
The h i g h e s t a c t i v i t y was observed in Berberis wilsoniae v a r . subcaulialata, from which the enzyme was p u r i fi e d . The r e s u l t s are shown in the Table 1 P u r i f i c a t i o n procedure for (S)-scoulerine 9-O-methyltransferase.
A t y p i c a l HPLC p r o f i l e showing the d i s t r i b u tion of p r o t e i n as w e l l as t h a t of the O-methylt r a n s f e r a s e is d e p i c t e d in F i g . 2.
relative absorption 
(--) = d i s t r i b u t i o n of protein, ( ---) ~ d i s t r i b u t i o n of enzyme a c t i v i t y The p r o t e i n f r a c t i o n p u r i f i e d 2 7 -f o l d (57% y i e l d ) , proved to be s a t i s f a c t o r y f o r a l l of our p u r p o s e s , s i n c e none of the o t h e r known enzymes of the i s o q u i n o l i n e pathway w i t h p o t e n t i a l
f o r i n t e r f e r e n c e in the e x p e r i m e n t d e s c r i b e d here (Zenk, i n p r e s s ) was p r e s e n t . The p a r t l y p u r i f i e d enzyme a l s o did n o t c o n t a i n any c o n t a m i n a t i n g methylt r a n s f e r a s e a c t i v i t y f o r t r a n s f o r m i n g t e t r ahydrocolumbamine to t e t r a h y d r o p a l m a t i n e (Beecher and K e l l e h e r , 1984). For t h i s reason, no f u r t h e r p u r i f i c a t i o n of our enzyme was a t t e m p t e d . A p l o t of the t e t r ahydrocolumbamine p r o d u c t i o n vs. time was l i n e a r f o r the f i r s t 20 min, when 3 pkat of the enzyme was used in the standard assay. Dependence of the r e a c t i o n on p r o t e i n c o n c e n t r a t i o n ( e n r i c h e d 2 7 -f o l d ) was l i n e a r over a range from 0 to 9 mg and then gradually f e l l o f f . The pH optimum of the r e a c t i o n was a t 8.9. The t e m p e r a t u r e optimum was found to be at 37oc. The m o l e c u l a r w e i g h t was determined to be 63+2 kD. A f t e r storage f o r 7 months at -20°C i n -g l y c e r o l (20%), the enzyme s t i l l r e t a i n e d more than 50% of i t s o r i g i n a l a c t i vi t y . The p o s s i b l e O -m e t h y l a t i o n products of ( S ) -s c o u l e r i n e i n c l u d e t e t r a h y d r o c o l u m b a m i n e , tetrahydropalmatrubine or, i f two methyl groups are t r a n s f e r r e d , t e t r a h y d r o p a l m a t i n e . The TLC and HPLC ( N u c l e o s i l -C18, Macherey and Nagel) b e h a v i o u~o f the l a b e l l e d product were i d e n t ical w i t h those of t e t r a h y No r e a c tion could be observed by using ( R ) -s c o u l e r i n e or d e h y d r o s c o u l e r i n e , i t s r i n g C a r o m a t i z e d c o u n t e r p a r t .
o n t a i n i n g the expected r a d i o a c t i v i t y w i t h i n e x p e r i m e n t a l e r r o r (~ 10%). The f a c t t h a t STOX acts on the p r o d u c t shows t h a t the t e t r ahydrocolumbamine o b t a i n e d by t h i s enzyme r e a c t i o n has the ( S ) -c o n f i g u r a t i o n a t C-14 (Amann et a l . , 1984). These procedures e s t a b l i s h the p r o d u c t of enzymatic m e t h y l a t i o n of s c o u l e r i n e to be ( S ) -t e t r a h y d r o c o l u m b a m i n e . . Of a s e r i e s of 12 metal s a l t s t e s t e d at 5 mM c o n c e n t r a t i o n only Cu ÷+ i n h i b i t e d the enzyme ( r e s i d u a l a c t i v i t y 3%). The k i n e t i c c o n s t a n t s of the enzyme
The enzyme was also ( F i g . 3) t o t a l l y i n a c t i v e towards a number of o t h e r berbines i n c l u d i n g ( S ) -c o r e x i m i n e , ( R , S ) -d e s m e t h y l e n e t e t r a h y d r o b e r b e r i n e , ( R , S ) -d i s c r e t a m i n e , ( S ) -c o r y d a l m i n e , (R,S)-stepholid i n e , ( R , S ) -t e t r a h y d r o j a t r o r r h i z i n e , ( S ) -coramine, ( R , S ) -t e t r a h y d r o b e r b e r r u b i n e ( n a n d i n i n e ) . A l s o , no r e a c t i o n was observed w i t h (R)-and ( S ) -r e t i c u l i n e , b o l d i n e , magnof l o r i n e , and the s i m p l e phenols c a f f e i c a c i d , dopamine, and q u e r c e t i n . Two o t h e r s u b s t r a t e s , which are not n a t u r a l products, were methylated by the enzyme: ( R , S ) -2 , 3 , 9 , 1 0 -t e t r a h y d r o x yt e t r a h y d r o p r o t o b e r b e r i n e ( a t 50% of the r a t e of ( S ) -s c o u l e r i n e ) and ( S ) -3 , 9 -h y d r o x y -. 2 , 1 0 -methoxy t e t r a h y d r o p r o t o b e r b e r i n e ( a t 4% of the r a t e of ( S ) -s c o u l e r i n e ) , DISCUSSION S -A d e n o s y l -L -m e t h i o n i n e : ( S ) -s c o u l e r i n e 9-0--m e t h y l t r a n s f e r a s e which has been p u r i f i e d and c h a r a c t e r i z e d in t h i s work i s a h i g h l y s t e r e o -and r e g i o s p e c i f i c m e t h y l t r a n s f e r a s e . A v a r i e t y of c l o s e l y r e l a t e d t e t r a h y d r o p r o t ob e r b e r i n e s was t e s t e d and none of the naturall y o c c u r r i n g s u b s t r a t e s served as methyl group a c c e p t o r except f o r ( S ) -s c o u l e r i n e . The ( R ) -e n a n t i o m e r of s c o u l e r i n e and dehydros c o u l e r i n e were not used in the enzyme r e a c ti o n . This shows an unusual degree of s p e c i f i c r i t y of the m e t h y l t r a n s f e r a s e f o r the ( S ) -f o r m of the s u b s t r a t e . I t has been u n e q u i v o c a l l y e s t a b l i s h e d t h a t only one of the h y d r o x y l groups of ( S ) -s c o u l e r i n e , namely the one at p o s i t i o n 9, is m e t h y l a t e d , the product being 
